Four types of biologically active molecules were examined for their structure/activity relationships as applied to textile functionalization. Bio-molecules including enzymes, peptides, carbohydrates, and lipids have been found to retain their activity when linked to cotton fabrics. Wound dressing protection against the protease destruction caused by human neutrophil elastase was examined with cellulose conjugates and formulations of peptides, carbohydrates, and lipids attached with various chemistries to cotton dressings. These serve as a model for protective textiles at the surface of the skin. Additional biological activities that were explored included antibacterial and haemostatic fabrics related to wound healing, and neurotoxin neutralization related to decontamination. Lysozyme was found to have robust antibacterial activity when conjugated to cotton. Peptide conjugates of cellulose have been explored as enzyme substrates, antimicrobial agents, and cell adhesion promoters on textiles for wound healing. Carbohydrates ranging from low molecular weight monosaccharides to high molecular weight polysaccharides have both molecular and functional activity when crosslinked or grafted onto cotton with numerous textile performance properties. Textile bound lipids have been explored for a variety of applications including antibacterial, hygienic function, and enzyme inhibition. A lipid: albumin complex that serves as a carrier transfer agent involved in enzyme inhibition is given as an example.
Introduction
Biologically active textiles may be designed by conjugating bioactive compounds to a chemically reactive textile fiber with an understanding of retaining activity in the form of a high performance textile. Cotton is a well characterized durable fiber that has been used for medical and hygienic purposes, and its highly absorbent and non-toxic properties make it attractive as a carrier for biologically active fibers. Four major classes of naturally occurring biologically active molecules including enzymes, peptides, carbohydrates, and lipids offer a myriad of potential applications to performance textiles (Table 1) . Enzymes are the catalysts of biological systems and have remarkable catalytic power and specificity. Peptides are a subset of proteins and are smaller than proteins, but as a separate class of biologically active molecules peptides have an incredible breadth of activities owing to their modifiable secondary and primary structure. Carbohydrates can be defined as compounds having some reactive aldehyde or ketone character with multiple hydroxyls for derivatization, and they make up most of the organic matter on earth representing limitless structural combinations. Cellulose, which we treat in this paper as the material of choice for ligation of biologically active molecules, is the most abundant carbohydrate in the biosphere. Lipids have a variety of roles: they serve as fuel, signal molecules, carriers, and components of membranes.
Research on biologically active wound dressings has provided useful models to bridge bioactive molecules on cellulose fibers with performance textiles and clothing. Antimicrobial, wound healing, haemostatic, and decontamination activity have been achieved with cellulose conjugates of these four classes of biologically active molecules on cotton fabrics. This paper presents models for biologically active cotton textiles having enzymes, peptides, carbohydrates, and lipids extrapolated to the development of selectively active protective clothing.
Peptides on Textiles
Since the revolution of peptide synthesis on solid phases by Merrifield (1963) Self-assembling peptides on the other hand are found in fibrous proteins including silk, wool, and collagen, and have conformational motifs that confer some of the mechanical properties native to these animal fibers (Mitraki and van Raaij, 2005 ; Hayashi et al., 1999). Self-assembly refers to the ability of the peptide motif to bundle together in groups or aggregates and give rise to nanostructures that may be manipulated based on molecular structure. The self-assembling property of polyalanine regions of spider dragline silk results in the formation of β-sheet crystals (Foo et al., 2006) . This peptide motif may be converted to partial helical structure through oxidation of a methionine within the sequence that triggers a change in conformation giving rise to a biomaterial that could be used as a surface coating with chemically alterable secondary structure.
Fig. 1. Structure of alginate
Alginate is a naturally occurring polysaccharide derived from brown seaweed. The fibers have been used in the production of high-tech wound dressings that can interact with wound exudates to form a moist gel. The upper panel demonstrates the chelation of calcium which is responsible for the gelling property that allows the polymer to conform to the skin or wound through exchange with sodium ions. In the lower panel are the structures of alginate co-polymers that contain glucuronic acid (G) and D-mannuronic acid (M) arranged in three types of blocks (GG, MM, and MG). The M/G ratio in alginate dressings effects properties of absorbency and ease of removal. Alginate forms a gel when the divalent metal ion calcium binds with GG, and water is sequestered between the polymer chains. Exchange of calcium with sodium in the wound allows non-adherent conforming of the dressing to the wound.
Another approach to wound healing with peptides on wound dressings is the attachment of peptides to dressing materials to remove destructive proteases from the wound (Edwards et al., 1999 Figure 2 ) were synthesized on cotton cellulose and the resulting cellulose conjugates 
Carbohydrates on Textiles
Carbohydrates offer even more structural diversity than peptides, and their molecular diversity provides a valuable class of biologically active molecules for drug discovery. However due to their complicated conformational properties and seemingly infinite variation in structure an understanding of their structure/function relation to biological activity can be more challenging. Analogous to peptides, a number of biologically active carbohydrates have been incorporated into wound dressings. Carbohydrates including chitin, chitosan, modified cellulosic fibers, dextran, hyaluronate, pectin and (1-3) β-D-glucans have been recently reviewed for their use in biomedical wound dressing fibers (Miraftab et al., 2004) , and polysaccharides as polymeric biomaterials have recently been reviewed (Dumitrius, 2002) . Carbohydrates linked or grafted onto textiles have been studied for their haemostatic, antimicrobial, protease-lowering, and favorable wound dressing properties in our laboratories.
4.

Monosaccharide-cellulose Conjugates as Protease Sequestrant in Chronic Wounds
As outlined with the peptide-cellulose conjugates, sequestration of harmful proteases from the chronic wound environment has become an important goal of wound dressing design and function. Carbohydrate-based dressings have also been found to play an important role in the removal of harmful proteases. As described above, human neutrophil elastase (HNE) is a serine protease for which electrophilic inhibitors have been designed based on acylation by aldehyde and ketone functional groups of Serine-195 at the active site of the enzyme (Figure 3) . We have probed the elastase-lowering activity of monosaccharide cellulose conjugates with aldohexose and ketohexose character with this mechanism of activity in mind (Edwards et al., 2002) . The monosaccharide-cellulose conjugates were prepared on cotton gauze as prototype wound dressing analogs and assayed for elastaselowering activity. The relative elastase-lowering The above figure shows the ketohexose adduct of fructose citralyl-cellulose undergoes acylation by the Serine-195 at the HNE active site through reaction at the electrophilic keto-carbonyl of the fructosyl residue in the conjugate.
Haemostatic and Antimicrobial activity of Chitosan
In recent years, increased attention has been given to chitosan as a non-toxic polymer that is biocompatible, and possesses interesting antimicrobial actvity. In addition to textiles, chitosan has been investigated in medicine, bioengineering, foods and cosmetics (Giri et (Pusateri et al., 2003) . Because of the potential to alleviate major hemorrhaging and improve on the fabric integrity of a chitosanbased textile, we have incorportaed chitosan into a variety of woven and non-woven fabrics and assessed the relative ability of the fabrics to promote blood clotting. Shown in Figure 4 are the fabric-promoted clotting profiles of 1% and 4% chitosan treatment concentration on cotton sheeting, gauze, and printcloth. In all cases, chitosan treatment reduced the area of spread when compared to untreated wash controls. The 4% level of treatment was much more effective than the 1%. The 4% gauze seemed to give more evidence of coagulation contributing to the dramatically reduced spread of blood on the fabric examined.
Cyclodextrins
Cyclodextrins are an interesting class of cyclic oligosaccharides that form host-guest inclusion complexes with hydrophobic molecules, and in so doing form a variety of biologically active carbohydrate complexes. The hydrophobic core and hydrophilic exterior of cyclodextrins ( Figure  5 ) make them ideal for aqueous delivery of compounds. Early on in the pioneering days of studying cyclodextrins, it was recognized that their supra-molecular properties of inclusion complexes create the image of a 'solution waiting for a problem'. Many of the potential applications of cyclodextrins, which include rug carrier, food and flavours, cosmetics, packing, textiles, separation processes, environment protection, and fermentation and catalysis, have been recently reviewed (Del Valle, 2004 (Wasif & Singh, 2004 ). Huang and co-workers (2000) have synthesized an elastinlike polymer to study how this material might prove useful for tissue engineering.
Fig. 4. Changes of different cotton fabrics
The graphs above illustrate the changes of different cotton fabrics, 4-ply 20x24 gauze, and print cloth. These fabrics were padded with two levels (1% & 4%) chitosan plus 11.9% citric acid, plus 4% sodium hypophosphite; dried at 85C for 5 minutes. and cured at 160C for 3 minutes. Samples were tested for blood adsorption/coagulation by observing the change in the spread of a 30 ul drop of citrated sheep blood over time (4 replicate drops). In all cases, chitosan treatment reduced the area of spread when compared to untreated wash controls. The 4% level of treatment was much more effective than that of the 1% level. The 4% gauze seemed to give more evidence of coagulation contributing to the dramatically reduced spread of the blood. Silk is well known for its biocompatibility and use in sutures. However, one by-product of silk production is sericin. Sericin may prove to be a valuable, low cost additive to various kinds of fibers to add functionality. Some of the features of sericin include biodegradability and biocompatibility (Zhang, 2002) . It is likely that there are numerous natural products and byproducts that will prove beneficial to accelerate wound healing, or provide other advantages when blended with either natural or synthetic fibers.
There has been some renewed interest in applications involving spider silk (Hayashi), because unlike silkworm silk, spider silk research has avoided largely because spiders are much more territorial than silk worm making this material difficult to harvest for practical applications (Scheibel, 2004 ). Yet the strength and antiseptic properties of spider silk (Freddi, 2002 ) is so compelling as to employ genetic engineering methods for its manufacture (Kubrik, 2002) . The potential use of spun silk-like fibers consisting of engineered protein polymers (silklike polymer with fibronectin cell attachment functionality: SLPF) has been studied from the perspective of incorporating a fibronectin cell attachment protein sequence through recombinant DNA technology (Anderson et al., 1994 ).
Enzyme-Conjugates of Cellulose on Cotton Performance Fabrics
Enzyme-active fabrics have numerous potential uses. Some applications may include medical, antimicrobial and hygienic products for enzymes that digest and kill bacteria. Enzymes Immobilized on fibers could also catalyze very specific reactions either for industrial processes (Yeon & Lueptow, 2006) , or to inactivate specific chemical warfare agents. One concern in developing these products is the retention of enzyme activity following conjugation of the enzyme to the fabric. This issue has been addressed with organophosphorous hydrolase and lysozyme, which were covalently linked to glycine derivatized cotton in a similar manner (Edwards et al., 2000) . C-type lysozyme is a 1,4-α -N-acetylmuramidase that derives its antibacterial activity from the selective lysis of the cell wall peptidoglycan at the glycosidic bond between the C-1 atom of N-acetylmuramic acid (NAM) and O-4 of N-acetylglucosamine (NAG) (Phillips, 1996) . Organophosphorous hydrolase on the other hand has a broad substrate specificity and high catalytic turnover rate for organophosphosphorous neurotoxins like paraoxin (P-O bond hydrolyzed) and soman and sarin (P-F bond hydrolyzed) (Grimsley, et al., 2001 ). Glycine esterified cotton has been used to Both carbonyldiimidazole and glutaraldehyde were explored as alternative organic phase and aqueous phase coupling strategies for the linking of OPH and lysozyme to cotton. As shown in Table 2 , the length of the glycine spacers did not have a significant effect on the bioactivity of either the antimicrobial lysozyme or the neurotoxin neutralization of OPH. The design of these types of immobilized enzyme materials involves the use of computer graphics as shown in Figure 6 . The development of enzyme-active fabrics of these types would be assisted by predictive design technologies like these in elucidating contact points of enzyme-fiber attachment that might interfere with activity, and it would also help select the appropriate chemistry conditions for conjugation. In the above model, the space filling models are depicted as CPK models. Atom color types are as follows: oxygen (red); carbon (green); nitrogen (blue); sulfur (yellow). The cellopentaose is highlighted in blue: the model is oriented with the enzyme active site cleft in the right lower quadrant of the protein structure. The amide linkage to the protein forms the glycopeptide at the Asp-48 residue.
Lipids as Protective Agents and Textile Applications
The future of lipids on textiles may best be expressed in the ongoing research and development of smart materials, and cosmetic wipes. A single application of the (IWL) liposomes on irritated skin resulted in an accelerated recovery of water barrier functions. Daily application of these liposomes on intact skin for 5 days reinforced the skin barrier and increased the water-holding capacity. Thus, the skin repairing effect of the IWL enhances their suitability in the treatment, prevention and care of the skin.
Analogous to the cyclic carbohydrate carriers, cyclodextrins, which were discussed above, liposomes ( Figure 5 ) form a spherical bilayer membrane upon hydration of polar lipids and shingolipids. The spherical lipid envelope of bilayer membranes creates a permeability barrier that limits the movement of aqueous-soluble agents. Liposomal delivery of drugs in the body is now better understood with the advent of numerous cancer chemotherapies that utilize liposomal delivery in the body. Liposome delivery is effective under circumstances where too low a concentration of the chemotherapeutic agent is ineffective and too high a concentration can be toxic (Mayer et al., 2002) . Liposomes have also been studied for their gene therapy potential in the delivery of DNA plasmids (Chen et al., 2002) . Liposomes have had promising applications in wool dyeing (Marti et al., 2004) . However, the potential to use liposomes in encapsulated fibre technology by releasing cosmetic additives from textiles fibers on the skin (Krishnan & Shankar, 2005) has also been recognized. The biocompatibility of certain lipids with skin, coupled with the ability to regulate the permeability of liposomes based on light, heat, pH, and amperometric redox reactions, suggests that smart nanostructured textiles will be designed in the future to deliver protective dermal agents. This seems more likely as the design of molecular switches sensitive to the interface between the environment of the skin and physical or molecular detectors which could be built into textiles is better understood. At the very least a negatively charged liposome and positively charged fiber ensure ionic attachment to the clothing while increased affinity for the skin over the textile fiber increases the likelihood of liposomal deposition on the skin. Issues regarding a durable, regenerable liposome-based fabric, liposome stability, and designing a switchable lock and key surface on the fabric make this a challenging but interesting area of biophysical research.
Lipid Enzyme Inhibitors on Cotton Wound Dressings
Since lipids bind proteins like serum albumin, a molecular feature that can be exploited in formulations is the use of bioactive lipid-protein complexes. For example, bioactive lipids could be effective enzyme inhibitors when they are bound to a carrier such as serum albumin. We have tested this concept with formulations of oleic acid and albumin. Oleic acid inhibits of HNE, which has been previously discussed in this paper for its destructive protease properties in chronic wounds. The oleic acid formulations enable transport, solubility and inhibit HNE under conditions mimicking those of the chronic wound (Edwards et al., 2004) . From this perspective oleic acid/albumin formulations may help treat chronic wounds. Figure 7 demonstrates the mechanism of this type of fatty acid transfer from cotton, through a protein carrier and to an enzyme. This approach involving release of a bioactive lipid-protein complex from a textile may have promise in fine tuning the activity of various enzymes It may also be viewed as a model for developing lipid delivery to dermal targets involving skin repair or cosmetic or hygiene methods. Fig. 7 . Sketch of a proposed mechanism of action of the transfer of oleic acid from cotton to albumin and subsequent elastase inhibition in the chronic wound.
This cartoon demonstrates the manner in which a lipid bound textile interacts with protein in a wound or on the surface of the skin to modify the biological activity of the enzyme, elastase.
Conclusion
Nature has provided us with an arsenal of interesting biologically active compounds to combat disease and improve the quality of life. Numerous bioactive compounds including peptides, proteins, carbohydrates, and lipids have been shown to retain their activities when conjugated to or formulated on textiles. Here we have selected examples from these four major classes of biologically active molecules and demonstrated the use of cotton conjugates and formulations in bio-active properties including antibacterial, haemostatic, and wound healing. As more models are developed for bio-active molecules on textiles, the boundary between the properties in skin that serve as our model for the best covering for the body and bio active textiles will undoubtedly become fainter. The future prospects of employing bio-molecules on textiles as performance, medical, hygiene, and cosmetic products appears limitless. In the medical arena, innovative products for accelerating healing, and combating resistant bacteria seem imperative. In the cosmetic and hygienic area, the debut of 'feelbetter' and 'age-slower' products resembling the native molecules of the skin will continue to usher in new and improved skin care products. Thus, the unfolding role of protective textiles and the utilization of bio-molecules to improve the skin/fabric interface still hold great promise for the research and development of textiles and apparel for the future.
